in technicolor model with scalars 
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Rare decays Bs,d —>■ ^^re evaluated in technicolor model with scalars. Rb is revisited to 

constrain the model parameter space. It is found that restriction on ///' arising from Rb which was 
not considered in previous studies requires ///' no larger than 1.9 at 95% confidence level, implying 
no significantly enhancement for Br{Bs,d /i'^ fi~) from neutral scalars in the model. However, the 
branching ratio of Bs — > H'^ can still be enhanced by a factor of 5 relative to the standard model 
prediction. With the value of ///' ~ 1.9, an upgraded Tevatron with an integrated luminosity 
20/6^^ will be sensitive to enhancement of Bs li-^ li-~ in this model provided that neutral scalar 
mass rUcr is below 580 GeV. 



PACS numbers: 12.60.Nz, 13.20.Hw, 13.38.Dg 



I. INTRODUCTION 

The flavor-changing neutral-current B-meson rare de- 
cays play an important role for testing the Standard 
Model (SM) at loop level and probing new physics be- 
yond the SM. Among these decays, Bs,d are of 
special interest due to their relative cleanliness and good 
sensitivity to new physics. 

There are numerous speculations on the possible forms 
of new physics, among which supcrsymmetry and tech- 
nicolor are the two typical different frameworks. Both 
frameworks are well motivated. As a low-energy effective 
theory, the technicolor model with scalars introduces ad- 
ditional scalars to connect the technicolor condensate to 
the ordinary fermions Q. The phenomenology of this 
model has been considered extensively in the literature 
§, |, I, |, |, |, |. It has been found that this 
model does not produce unacceptably large contributions 
to neutral meson mixings or to the electroweak S and T 
parameters]^, ||. On the other hand, this model does 
predict potentially visible contributions to b-physics ob- 
servables such as Rb ^ and the rate of various rare B- 
meson decays [|[ 0, 

Studies showed that the processes Bs,d — > li-^fJ'~ sue 
sensitive to supersymmetry. In this Letter we will extend 
our previous studies |lO| and evaluate the branching ra- 
tio of Bs^d — > /^^M^ in the technicolor model with scalars. 
First we will present a brief description of the model, then 
give the analytical calculations for Bs,d — ^ M"*"/^" • We 
will focus our attention on the neutral scalars contribu- 
tions, which are likely to be sizable because, as shown in 
our following analysis, they will be enhanced by a factor 
(///')'' as the parameter ///' gets large. Before per- 
forming the numerical calculations, we examine the cur- 
rent bounds on this model from a variety of experiments, 
especially the latest measurements of i?b[0. Since the 
theoretical expression for Rb used in constraining the 
model parameter space seems not right, we will re- 
calculate the contributions to Rb from the scalars in this 
model. We find the constraint from Rb is still strongest 



as indicated in pO[ , compared with those from the direct 
searches for neutral and charged scalars B^ — B'^ 
mixing, b —> S7 as well as the muon anomalous mag- 
netic moment [lif . Further, we evaluate restriction on 
///' arising from Rb which was not considered in previ- 
ous studies. Subject to the current bounds, the numerical 
results are presented in Sec. 0. Finally, the conclusion is 



assigned in Sec. VI 



II. 



THE TECHNICOLOR MODEL WITH 
SCALARS 



In this section we will briefly discuss the technicolor 
model with scalars and give the relevant Lagrangians 
which are needed in our calculations. More details of 
the model have been described in Refs. [Q, ||. 

The model embraces the full SM gauge structure and 
all SM fermions which are technicolor singlets. It has 
a minimal SU (N) technicolor sector, with two techni- 
flavors that transform as a left-handed doublet and two 
right-handed singlets under SU{2)w, 



Tr = 



PR, mn 



(1) 



with weak hypercharges Y{Tl) = 0, Y{pii) = 1, and 
Y{mfj ) = — 1. All of the fermions couple to a weak scalar 
doublet (f> to which both the ordinary fermions and tech- 
nifermions are coupled. This scalar's purpose is to couple 
the technifcrmion condensate to the ordinary fermions 
and thereby generate fermion masses. If we write the 
matrix form of the scalar doublet as 



_ (^ + /0 

" V2 



(2) 



and adopt the non-linear representation S = ea:p(^j^) 

and S' = exp{^jl-) for technipion, with fields in 11 and 11' 
representing the pseudoscalar bound states of the tech- 
nifermions p and m, then the kinetic terms for the scalar 



2 



fields are given by 



+ i(a + /')'Tr(i?^E'^i?^E')- 



(3) 



Here D^' {D"") denote the SU{2)l x SU{2)r covariant 
derivatives, a is an isosinglet scalar field, / and /' are 
the technipion decay constant and the effective vacuum 
expectation value (VEV), respectively. 

As mixing between 11 and 11 occurs, tt^ and TTp are 
formed with iTa becoming the longitudinal component of 
the W and Z, and TTp remaining in the low-energy theory 
as an isotriplet of physical scalars. From Eq. (||) one can 
obtain the correct gauge boson masses providing that 
/2 ^ J 2 _ ^2 ^[^]^ ^jjg electroweak scale v — 246 GeV. 

Additionally, the contributions to scalar potential gen- 
erated by the technicolor interactions should be included 
in this model. The simplest term one can construct is 



(4) 



where ci is a coefficient of order unity, h+ and h- are the 
Yukawa couplings of scalars to p and m . From Eq. (Q) 
the mass of the charged scalar at lowest order is obtained 
as 



(5) 



with h = {h+ + /i_)/2. To absorb the largest Coleman- 
Weinberg radiative corrections for the a field which 
affect the phenomenology of the charged scalar, the 
shifted scalar mass and coupling A are determined 
by 



Mir + = 8V2cinhf 



(6) 



Therefore, the mass of the scalar a can be expressed as 

4 



r 



(7) 



in limit (z) where the shifted 
can be neglected and 



coupling A is small and 



3r 



1 



r 



(8) 



III. CALCULATIONS 

We start the calculation by writing down the effective 
Hamiltonian describing the process Bq — > IJ.^ i-J.^ (q=s,d) 



in 



+Cq, qPsb + Cq^ qPRb ^275^} , (9) 

where = |(1±75), p is the momentum transfer. Op- 
erators Or, 9, 10 which correspond to the first three Wilson 
coefficients are the same as those given in Q and Qi,2 
corresponding to the last two are the additional operators 
arising from the neutral scalars exchange diagrams |r7| . 
Using the effective Hamiltonian and 

{Q\Qlt^Tob\Bg) = -fB^Pt,, 
(0|g755|Bq) = -fs.mB^, 
(0|ga^,(l+75)6|S,) =0, (10) 

we find that only operator Oio and Q1.2 contribute to 
process Bq fJ-^ fJ-'^ with the decay rate given by 



p ) = 



647r3 
Co 



2m 



Oil 



(11) 



For convenience, we write down the branching fractions 
numerically 
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(12) 



in limit (m) where the shifted mass of the scalar doublet 
(/), is small and can be neglected. The advantage of 
this model is at the lowest order, only two independent 
parameters in the limits (i) and (m) are needed to de- 
scribe the phenomenology. We choose (/i, to^-) as physical 
parameters and assume A'^ = 4 and ci = 1 in numerical 
calculations. 



where tb and /b are the Bq lifetime and decay con- 
stant, respectively. 

In the technicolor model with scalars, the additional 
contributions arise from the scalars. The contributions 
of the charged scalar tt^ with gauge boson 7 exchanges 
to the Wilson coefficients Cio at mw scale have been cal- 
culated by using Feynman rules derived from Eq. (H) , (0) 
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and given by @, § 
Cio{mw)TC 



sm" Uw ' / 



- 1) 



8(x^ - 1)2 



■ In Xt, 



where 9w is the Weinberg angle and Xi 



(13) 



As 



for the contributions arising from the neutral scalars ex- 
changes, when only the leading terms in large /// limit 
kept, they can be expressed as [p[ 



TC 



1 



16(a^., - 1)2 



Kx., - If 



^In 



TC 



xw , / ^ rribm^ 



sm- tiw ' / 

XtTj, 

"4(x,,-l)- 



Xtt^ + 1 



■In 



(14) 



From Eqs. (|13|14|) we find that (1) both the contribu- 
tions arising from the neutral scalar exchange Cg^ ^ and 
gauge boson exchange Cio are subject to helicity suppres- 
sion, (2) the contributions arising from the neutral scalar 
exchanges are proportional to (/// )**, while those from 
the gauge bosons exchanges proportional to {f / f'Y . So 
for a sufficiently large ///', the contributions of neutral 
scalar exchanges are relatively enhanced and may become 
comparable with those from the gauge boson exchanges. 

The Wilson coefficients at the lower scale of about mf, 
can be evaluated down from mw scale by using the renor- 
malization group equation. At leading order, the Wilson 
coefficients are |l^ 

Cio(to6) = C'io(mn/), (15) 
CqAmb) = Tl'^'^'^^CQ^mw). (16) 

where (3q — 11 — 2n//3, rj — aslrrii,) / as{mw) and 7q = 
—4 is the anomalous dimension of qPuh. 



IV. CONSTRAINTS FROM i?6 

Before presenting the numerical results, let us consider 
the current bounds on technicolor with scalars from a 
variety of experiments, especially the measurement of i?b. 
Using the Feynman rules in Ref. one can easily find 
that the contributions from neutral scalars are negligible 
compared with those from charged scalars which appear 
in Fig. |l], and the bottom mass-dependent terms in _Rf, 
can also be omitted safely. In these approximations the 
addition contribution in the technicolor with scalars is 
obtained as 



5Rb 



(17) 
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FIG. 1: Charged scalars diagrams contributing to Zbb. 



with 



/^2 



'■/''' in sin'' ewm 



VbL 



{vbLBi 



''bR 



+VtR 



"^2(^*22 ^ ^23) + 26*24 ^ 



1 



(18) 



Here Bi = Bi{~~pi,mt,m^J, C^^ = Co,y(pi,-P, m^^, 
mt, mt) and C24 = C2A{-pi,P,mt,mTr^,mTr^), with 
Pi{p2) and P denoting the four- momentum of h(h) and Z 
boson respectively, are the Feynman loop integral func- 
tions and their expressions can be found in p^ . The 
coupling constants Vq^ and Vq^t are given by 



VqR 



'W- 



(19) 



Our explicit expressions are not in agreement with those 
used in where the results obtained in the framework of 
the two-Higgs doublet model (THMD) ||l^ were adopted 
directly. We checked the calculations and confirmed our 
results. 

The current measurement of Rb reported by the LEP 
is = 0.21646 ± 0.00065 0. Comparing with the 

SM value = 0.21573 ± 0.0002, we obtained the con- 
straints in h versus rua plane shown in Figs. ^ and 
Although our explicit expression for Rb is different from 
that used in [2C|], a comparison of Fig. ^, Fig. || with Fig- 
ure 1 in Ref. [ ^0[ suggests that there is not a qualitative 
change in the results plotted. 

Our numerical results show that the constraint on ///' 
from Rb is quite stringent, i.e., the ratio of ///' must be 
smaller than 1.9 at 95% C. L., implying that the neutral 
scalars will not give dominate contributions to the pro- 
cesses of Ba d — > /"^Ai^ • Since previous studies did not 
comment on any restriction on ///' arising from this 
is a new and interesting conclusion. 

In Figs. H and ^ we also display the bounds from 
B^ — B^ mixing and from the limits of Higgs masses . 
In technicolor theories where the charged scalars couple 
to fermions in a similar pattern as in type-I two-Higgs 
doublet model, the strongest limit "i^± > 79 GeV has 
been obtained directly from LEP experiments ||l^. On 
the other hand, the LEP collaborations have placed a 
95% C. L. lower limit on the SM Higgs boson M)^ > 113.5 
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FIG. 2: Constraints on technicolor with scalars in hmit (i). 
The allowed parameter space is the shaded region bounded by 
the contours rricr = 114 GeV, SRb {Rt line) and hf' — 4nf. 
The current bound from the searches for charged scalars 
niTTp = 79 GeV is shown along with the reference curves 
fiiTp = nit — mi,, m-^p — 1 TeV. The constraint from — 
mixing is labeled "B-line". 



GeV from searching for the process e~^e~ ^ Z* ^ ZH^ . 
Although the limit on technicolor scalars may differ from 
that on Af^, in practice, the contour rua = 114 GeV 
can serve as an approximate boundary to the experimen- 
tally allowed region |2^. Note that the chiral La- 
grangian analysis break down only constrain on the pa- 
rameter space in limit (i) ||], the area above and to left 
of hf = 47r/ line is excluded because the technifermion 
current masses are no longer small compared to the chiral 
symmetry breaking scale. For references, we also plotted 
the contours m^^ = mt — rrib and mTr^ = 1 TeV . If 
the top quark doesn't decay to 7r+5, the areas outside 
of m,rp = mt — TOf, curve is excluded in Fig. |^. Similar 
situation occurs to m7r„ — 1 TeV curve in Fig. I if all 
scalar masses are restricted to the sub- TeV regime. In 
contrast to these, the excluded parameter space are the 
areas inside of = mt — rrib curve in limit [ii) and 
TOjTp = 1 TeV curve in limit (i). 

The constraint from 6 ^ 57 is close to that from 



B ~ mixing 0, ^, 21, g^, which are weaker than 
those from _Rf, |6|. As for the constraints from the mea- 
surement of (7^ — 2, our previous study | |2^ showed that 
if the deviation of the E821 experiment result |1J] and 
SM prediction Aa^ = a^^^P - al"' = (43± 16) lo" per- 
sists, it would severely constrain the technicolor models 
because the technicolor models can hardly provide such 
a large contribution. However, over the last year the 
theoretical prediction of in the SM has undergone a 



FIG. 3: Constraints on technicolor with scalars in limit (ii). 
The allowed parameter space is the shaded region bounded by 
the contours rua = 114 GeV and SRb (Rt line). Other bound 
curves are the same as Fig. ti. 



significant revision due to the change in sign of the light 
hadronic correction, which leads to only a 1.6a deviation 
from the SM ||2^, yielding no more useful limits on this 
model. 



V. NUMERICAL RESULTS 

Bearing the constraints on technicolor with scalars in 
mind, and for the same values of m^^ and ///', the al- 
lowed value of ma- is generally smaller in limit (i), from 
Eq.(p^ one can infer easily that the additional contri- 
butions to Bs^d ^ fJ-^ in limit (i) will be larger than 
those in limit (ii). Furthermore, as can be seen from the 



numerical coefficients in Eq. (12), the decay rate of Bs is 
significantly larger than B^ due primarily to the relative 
size of \Vts\ to \Vtd\- We thus take the Bg decay in hmit 
(j) as an example to show the numerical results. 

The experimental bound on Bg — > jJL^ comes from 
the CDFl25tl 



Br{Bs M^M") < 2.6 x 10 



-6 



(20) 



at 95% C.L. with the corresponding integrated luminosity 
about 100p6^^, while the SM prediction 



Br{Bs M^M") = 4.0 x 10" 



(21) 



is obtained by taking the central values for all inputs in 
Eq. (p^). The branching ratio of Bg /^^M^ ^ func- 
tion of m„ is displayed in Fig. ^ for various values of ///'. 
The 2(7 bounds at the upgraded Tevatron with lQfh~^ 
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FIG. 4: Br{Bs /I'^fi") as a function of ma for ///' — 
1,1.9,5,10 (dash lines) in limit (i). The current 2a upper 
bound j2^] (dotted line), the SM prediction (solid line) as 
well as the expected sensitivity of the upgraded Tevatron with 
10/6-1 and 20/6" ^ (the dash-dotted lines) are also shown. 



and 20/6^^ are also plotted under the assumption that 
the background for this decay is neghgible. The corre- 
sponding expected sensitivity can be reach a branching 



ratio of 1.3 x 10"^ and 6.5 x 10"^ (dash lines), respec- 
tively. We see that the Ri, constraint ///' < 1.9 at 95% 
C.L. shown in Fig. ^ is the strongest bound. Compara- 
tively, the current upper bound on Br{Bs —^ fj,'^ from 
CDF is much weaker, which only excludes a small re- 
gion with large ///'. Under the constraint ///' < 1.9, 
the enhancement factor for the branching ratio in the 
technicolor model can still be up to 5. The upgraded 
Tevatron with 20 fb~^ will be sensitive to enhancements 
of Bg — > fJ.^ IJ.^ in this model provided that is below 
580 GeV. 



VI. CONCLUSIONS 

We have evaluated the decays Bg.d IJ'^f^^ in the 
technicolor model with scalars, taking into account vari- 
ous experimental constraints, especially Rb, on the model 
parameter space. We first examined the restriction on 
///' arising from Ri, which that previous study did not 
consider. We found that large ///', which might cause 
significantly enhancement for Br^Bg^d ~^ ) from 

neutral scalars in the model, has been excluded by the 
constraints from Nevertheless, under the renewed R^ 
constraint, the branching ratio of i?s — > i-i^ ^J.^ can still be 
enhanced by a factor of 5 relative to the SM prediction. 
With the maximum allowed value of ///' ^ 1.9 from 
the upgraded Tevatron with 20/5^^ will be sensitive 
to enhancements of Bs — > fJ-^ fJ-^ in this model provided 
that JTicr is below 580 GeV. Since the theoretical uncer- 
tainties, which primarily come from the B-meson decay 
constants and CKM matrix elements, will be reduced in 
the on-going B-physics experiments and the lattice cal- 
culations, the processes Bs,d M^A^^ will promise to be 
a good probe of new physics. 
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